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Abstract
The local buckling behaviour and design of stainless steel plates in fire are investigated in this pa-
per. Finite element models of stainless steel plates able to mimic their response in fire are created
and validated against experimental results from the literature. Parametric studies are then per-
formed and the results are utilised to assess the current design provisions set out in the European
structural steel fire design code EN 1993-1-2; shortcomings in the prediction of the local buckling
response of stainless steel plates in fire are revealed. A new effective width based design approach
able to reflect the variation in strength and stiffness of stainless steel at different temperature levels
in the determination of the local plate slenderness and thereby the ultimate resistances of stain-
less steel plates in fire is put forward. The proposed approach is shown to provide significantly
higher levels of accuracy and reliability relative to the current provisions in EN 1993-1-2 for a
wide range of plate slendernesses, elevated temperature levels, stainless steel grades and loading
conditions. Incorporation of the proposed design approach into future revisions of EN 1993-1-2 is
recommended.
Keywords: Fire; Local buckling; Stainless steel; Finite element modelling; Plate buckling;
Cross-section classification
1. Introduction
Stainless steel displays higher strength and stiffness retention at elevated temperatures in com-
parison to carbon steel, resulting in enhanced structural fire performance for stainless steel struc-
tures; this is increasingly being recognised by the construction and offshore industries [1, 2].
Stainless steel members with slender cross-sections are common; in these cross-sections, local
instabilities prevent attainment of the full cross-section resistances and must be taken into account
in both room temperature and elevated temperature design. However, despite the significantly
varying material response of stainless steel at elevated temperatures, the European structural steel
fire design code EN 1993-1-2 [3] merely directs the designer to the methods presented in EN
1993-1-4 [4] for the local buckling assessment of stainless steel plates in fire. The design methods
in EN 1993-1-4 [4] were developed considering the room temperature local buckling response of
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stainless steel plates, thus typically failing to accurately represent the local buckling behaviour of
stainless steel plates in fire.
Previous research into the local buckling response of stainless steel plates in fire is rather lim-
ited, though there have been a number of studies into member buckling [5–10]. Conversely, there
has been a number of studies into the local buckling response of carbon steel plates at elevated tem-
peratures [11–15]. Ranby [11] showed that while use of the elevated temperature strength at 2%
total strain f2,θ as the reference strength leads to accurate ultimate cross-section strength predic-
tions for Class 1, 2 and 3 cross-sections owing to the attainment of high strains levels in structural
elements in fire, adoption of the elevated temperature 0.2% proof strength fp0.2,θ is generally more
appropriate for Class 4 cross-sections since local buckling precludes the attainment of high strain
levels. The recommendations of Ranby [11] were adopted in EN 1993-1-2 [3]. However, recently,
Couto et al. [13] highlighted shortcomings of this approach, particularly at the transition between
Class 3 and Class 4 cross-sections where a discontinuity in strength predictions exists due to the
adoption of the different reference strengths (i.e. f2,θ and fp0.2,θ). To eliminate this discontinuity,
the use of the elevated temperature strength at 2% total strain f2,θ for the ultimate cross-section
strength predictions of all cross-sections regardless of their class was proposed in [13], in con-
junction with a new set of effective width formulations for the local buckling assessment of carbon
steel plates in fire. However, previous investigations have focused only on the response of carbon
steel plates at elevated temperatures, and the local buckling behaviour of stainless steel elements
in fire remains relatively unexplored.
With the aim of filling this gap in knowledge, the current paper investigates the local buck-
ling response of stainless steel plates at elevated temperatures. Finite element models of stainless
steel plates are first created to replicate their behaviour in fire, and then validated against a se-
ries of experimental results from the literature. Shortcomings of the existing design provisions in
EN 1993-1-2 [3] for the local buckling assessment of stainless steel plates in fire are illustrated
through comparisons with the results from the validated finite element models. A new effective
width-based design method, utilising the strength at 2% total strain f2,θ as the reference strength,
is proposed to determine the local buckling strength of stainless steel plates at elevated temper-
atures. The accuracy and reliability of the proposed method are thoroughly verified against the
results from the nonlinear finite element modelling, considering various elevated temperature lev-
els, stainless steel grades and plate slendernesses.
2. Finite element modelling
The development and validation of finite element models able to replicate the response of
stainless steel plates in fire are presented in this section. The finite element models are used in
Section 3 for the assessment of the current EN 1993-1-2 design provisions and in Section 4 and 5
for the establishment and verification of the new proposals.
2.1. Development of finite element models
The finite element analysis software Abaqus [16] was used for all the numerical simulations
carried out in the current study. Two categories of stainless steel plates were considered: (i) a 1600
mm × 400 mm plate with both longitudinal edges simply-supported, mimicking the response of
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the internal elements of stainless steel cross-sections and (ii) a 4000 mm × 400 mm plate with one
longitudinal edge simply-supported and the other longitudinal edge free, replicating the response
of outstand flanges of open stainless steel sections. Note that the dimensions of the internal stain-
less steel plate elements were selected in accordance with those adopted by Couto et al. [13], while
the dimensions of the outstand plate elements, which show no elastic buckling minimum and are
more sensitive to length effects were modified in this paper to obtain elastic buckling stress values
in closer agreement with analytical results for long plates [17–19]. Finite element models of both
hot-rolled and cold-formed stainless steel plates were created. The four-noded reduced integration
general purpose shell finite element S4R [16], which has been successfully adopted for similar
previous applications [20–24], was used to create all the finite element models. The element size
was taken as 20 mm by 20 mm (i.e. 20 elements across the 400 mm plate width) for all plates. This
mesh size was chosen on the basis of a prior mesh sensitivity study. It should be noted that in this
paper, grade 1.4301 austenitic, grade 1.4462 duplex and grade 1.4003 ferritic stainless steel were
considered to generally represent the common grades of austenitic, duplex and ferritic stainless
steel respectively. To represent the elevated temperature stress-strain (σ-ε) response of stainless
steel, the two-stage compound Ramberg–Osgood material model [25–27] was utilised, as adopted























for fp0.2,θ < σ ≤ fu,θ, (2)
where nθ and mθ are strain hardening exponents, Eθ is the modulus of elasticity at temperature θ,
and Ep0.2,θ and εp0.2,θ are the tangent modulus and total strain respectively corresponding to fp0.2,θ
and fu,θ and εu,θ are the ultimate tensile strength and strain at temperature θ. It was ensured that
the second stage of the Ramberg-Osgood material model passed through f2,θ and fu,θ exactly at 2%
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as defined in [29] and illustrated in Fig. 1. The elevated temperature material properties (i.e. fp0.2,θ,
f2,θ, fu,θ, εu,θ and Eθ) utilised in the Ramberg-Osgood material model given in eqs. (1) and (2)
were determined by multiplying the standardised room temperature material properties set out in
[30] by the corresponding strength (kp0.2,θ, k2,θ), stiffness (kE,θ) and ductility (kεu,θ) reduction factors
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given in the SCI Structural Stainless Steel Design Manual [31], which are based on the results
from extensive elevated temperature material testing [32–35], i.e. fp0.2,θ = kp0.2,θ fy, f2,θ = k2,θ fy,
Eθ = kE,θE, fu,θ = ku,θ fu and εu,θ = kεu,θεu. The standardised room temperature material properties
[30] of hot-rolled and cold-formed austenitic, duplex and ferritic stainless steel plates used to
determine fp0.2,θ, f2,θ, fu,θ, εu,θ and Eθ are given in Table 1, where fy is the 0.2% proof stress, fu is
the ultimate tensile strength, εu is the ultimate tensile strain and n is the Ramberg-Osgood exponent
used to define the first stage of the stress-strain response. In accordance with the recommendations
made in [31], the elevated temperature Ramberg Osgood exponents nθ used in eqs. (1) and (2) were
taken equal to the room temperature values n given by [30], which are shown in Table 1.
The boundary conditions applied to the finite element models of the internal and outstand
stainless steel plates are illustrated in Fig. 2. As can be seen from the figure, to simulate simply-
supported restraint conditions along the longitudinal edges, only the vertical translations were
restrained (i.e. U3 = 0). For the loaded edges, the vertical translations were also restrained (i.e.
U3 = 0) in addition to the horizontal translations (i.e. U2 = 0) at the mid-width nodes. Finally,
the mid-width node of one of the loaded edges were restrained along the longitudinal direction
(U1 = 0). Loading was applied as point forces and/or bending moments to reference points con-
strained to the loaded edges as shown in Fig. 2. Elastic buckling stresses obtained from the Linear
Buckling Analyses (LBA) of the developed finite element plate models were compared against
elastic buckling stresses calculated using the formulae provided in [17, 36]; excellent agreement
was observed between the numerically and analytically determined elastic buckling stress values,
verifying the appropriateness of the boundary and loading conditions applied to the finite element
models.
The lowest eigenmode-affine imperfection shapes obtained from Linear Buckling Analyses
(LBA) of the modelled plates, as shown in Fig. 3, were used to define the shapes of local geo-
metrical imperfections in the finite element simulations; these imperfection shapes were scaled to
1/200 of the plate widths for the internal elements and 1/50 of the plate widths for the outstand
flanges in accordance with the recommendations made in EN 1993-1-5 [37]. Considering their
negligible effect on the ultimate resistances of steel plates at elevated temperatures, as shown in
[13], residual stresses were not explicitly taken into account in the finite element models created
herein, though their influence does inherently feature in the stress-strain properties of the cold-
formed material [38]. Typical failure modes from the finite element models of the internal and
outstand stainless steel plates under compression are illustrated in Fig. 4.
2.2. Validation of numerical models
In this subsection, the adopted finite element modelling approach has been validated through
comparisons of the FE results with the results obtained from fire experiments carried out on stain-
less steel hollow section stub columns by Uppfeldt et al. [39] and on stainless steel beams by
Gardner and Baddoo [40].
2.2.1. Uppfelt et al. [39] tests
The finite element modelling approach adopted in this study for stainless steel plates in com-
pression was validated using the experimental results of Uppfeldt et al. [39], where six stainless
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steel square hollow section (SHS) stub columns were tested in fire. On the basis of the stub col-
umn failure loads reported in [39], the experimental failure loads of the plates constituting the stub
columns were calculated considering their corresponding areas and compared against the numeri-
cal failure loads of the plates. In the finite element models of the plates, the plate sizes were deter-
mined considering the flat parts and corner regions of the stub columns of [39] as shown in Fig. 5,
taking the thicknesses of the plates equal to the thicknesses of the stub columns t and the widths of
the plates equal to the centreline widths of the stub column cross-sections (h− t). Twenty elements
were defined across the width of the modelled stainless steel plates and an element aspect ratio
of unity (i.e. square elements) was maintained throughout. The two-stage compound Ramberg-
Osgood material model given by eqs. (1) and (2) was used to define the material response of the
specimens in fire, using the elevated temperature material properties determined by multiplying
the strength and stiffness reduction factors given in [31] by the corresponding room temperature
material properties of the specimens obtained from a series of tensile coupon tests reported by
Uppfeldt et al. [39]. The enhanced strengths of the corner regions owing to cold-working were
allowed for in the material properties of the plates by using the following expression to determine





where fy,flat and fy,corner are the 0.2% proof strengths of the flat and corner regions and Aflat and
Acorner are the areas of the flat and corner regions, respectively. The local geometric imperfection
amplitudes in the finite element models were taken as the measured values reported in [39]. Table 2
summarizes the failure loads of the plates determined from the tests Nu,test and those obtained
from the finite element models Nu,FE. As can be seen from the table, the Nu,FE/ Nu,test values are
generally close to unity with reasonable scatter, indicating that the finite element models are able
to provide accurate estimations of the ultimate resistances of compressed stainless steel internal
plate elements in fire.
2.2.2. Gardner and Baddoo [40] tests
The finite element modelling approach adopted in this study for stainless steel internal plate
elements in bending and outstand flanges in compression was validated using the results from
three anisothermal tests performed on stainless steel beams at elevated temperatures reported in
[40], where one stainless steel rectangular hollow section (RHS) beam and two stainless steel I-
section beams were tested in fire. Since the determination of the failure forces and moments of the
isolated web and flange plates of the beams is not straightforward owing to the varying level of
support afforded by the flange plates to the web plates and vice versa, the full beam cross-sections
were modelled instead of the individual plates. The FE failure moments Mu,FE were then compared
against those obtained from the experiments Mu,test. Note that for the SHS stub columns considered
in the previous section, all four internal plate elements have the same elastic local buckling stress
and half-wavelength; the plates therefore buckle simultanously and mirror the response of isolated
plates with simply-supported boundary conditions along the adjoined edges [18, 19]. In the full
beam finite element models created herein, the element type and mesh size (i.e. 20 elements
across the width of each plate and an element aspect ratio of unity) were taken to be the same
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as those employed in the finite element models of the individual plates. The measured material
properties were taken as those measured in the corresponding experiments, while the geometric
imperfections, which were not measured in the testing programme, were modelled as described in
Section 2.1. The test and FE results are compared in Table 3, where it can be seen that there is
close agreement between the two. Thus, further to the validation for stainless steel internal plate
elements in compression presented in Section 2.2.1, the adopted finite element modelling approach
is also considered to be appropriate for the simulation of stainless steel internal plate elements in
bending and outstand flange elements in compression.
2.3. Parametric study
Upon validation of the numerical models, parametric studies were conducted to generate com-
prehensive structural performance data, taking into consideration different stainless steel grades
(austenitic, duplex and ferritic), elevated temperature levels, plate thicknesses and loading condi-
tions. In total, four temperature levels were considered: 200 ◦C, 400 ◦C, 600 ◦C and 800 ◦C. The
plate thicknesses were varied to investigate the response of stainless steel plates with a spectrum of
local elevated temperature plate slendernesses λ̄p,θ (see Section 4.2) ranging between 0.15 and 2.0.
Thus, plate thicknesses ranging between about 2 mm and 80 mm were considered in the numerical
parametric studies of the internal elements, while the thicknesses of the outstand elements were
varied between about 12 mm and 200 mm. Note that, since relatively wide plates were considered
(particularly for the outstand flanges), rather large plate thicknesses were needed to achieve low
plate slenderness values. Stainless steel plates under compression, bending and combined com-
pression and bending were considered. Combined compression and bending was applied such that
the ratios ψ of the stresses applied at the edges of the plates (σ1 and σ2) were equal to 0.5, 0 and
-0.5 (i.e. ψ = σ1/σ2 = 0.5, 0,−0.5).
3. Current EN 1993-1-2 design method for stainless steel in fire
The EN 1993-1-2 [3] cross-section classification and effective width-based design rules for
determining the local buckling strengths of stainless steel plates in fire are briefly described in this
section; their accuracy is then assessed against the results obtained from nonlinear finite element
modelling.
3.1. Cross-section classification
For the classification of stainless steel cross-sections in fire, EN 1993-1-2 [3] directs the de-
signer to EN 1993-1-4 [4] but with a reduced value for material factor εθ, where stainless steel
cross-sections are grouped into four classes; the class of a cross-section is taken as the highest
class of its constituent plates. Specific limiting width-to-thickness ratios, summarised in Table 4,
are given for the constituent internal and outstand plates of stainless steel sections in EN 1993-1-4
[4] to determine their classes. At elevated temperatures, the material factor εθ is calculated as:







with fy and E in MPa, (5)
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where ε is the room temperature material factor given in EN 1993-1-4 [4]; note that the definition
of ε is due to be simplified to ε = (235/ fy)0.5 in the upcoming version of the code. While this
classification approach leads to the straightforward determination of the class of a stainless steel
cross-section in fire, it disregards the differential erosion of the strength and stiffness of stainless
steel at different temperature levels, which is shown in Fig. 6. In fact, the 0.85 factor was originally
derived considering the lowest value of the square root of the ratios of the stiffness reduction factors
to the yield strength reduction factors
√
kE,θ/k2,θ for carbon steel and is somewhat inappropriate
for stainless steel, as shown in Fig. 6. Thus, despite its practicality, the cross-section classification
approach provided in EN 1993-1-2 [3] does not provide a sound basis for assessing the response
of stainless steel cross-sections at elevated temperatures.
3.2. Effective width method
Thin plates subjected to in-plane compressive loading exhibit a stable post-buckling response,
enabling load-carrying capacities beyond the critical buckling load to be sustained. After buckling
occurs, the stress distribution across the plate width becomes non-uniform. In the effective width
method, this non-uniform stress distribution is simplified into two uniform stress blocks with a
width of beff/2 as shown in Fig. 7 and the effective widths of stainless steel plates are calculated
using the following expression [41]:
beff = ρb, (6)
where ρ is the plate buckling reduction factor. EN 1993-1-2 [3] also directs the designer to EN
1993-1-4 [4] for the determination of the plate buckling reduction factor ρ based on room temper-







but ρ ≤ 1.0, (7)







but ρ ≤ 1.0, (8)











where σcr is the elastic buckling stress of the plate, t is the plate thickness and kσ is the buckling
coefficient determined on the basis of the stress distribution and edge boundary conditions of the
plate as described in [37]. Note that an alternative approach to treating local buckling on an
element by element basis is to consider the elastic buckling stress of the full cross-section, as
described in [18].
It is worth noting that while EN 1993-1-2 [3] requires the use of the elevated temperature ma-
terial factor εθ = 0.85ε for the classification of stainless steel cross-sections in fire, it recommends
the use of room temperature material properties for the determination of the effective cross-section
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areas and effective section moduli of Class 4 stainless steel cross-sections at elevated temperatures.
This represents an inconsistency in the consideration of the structural response of stainless steel
cross-sections in fire in that even though the influence of changes in the material properties at
elevated temperatures on the cross-section response is considered in the cross-section classifica-
tion (albeit somewhat inappropriately), it is disregarded in the calculations of effective section
properties used to determine the ultimate resistances of Class 4 stainless steel cross-sections in
fire.
3.3. Cross-section resistance
The cross-section resistance of stainless steel structural elements in fire is defined in EN 1993-
1-2 [3] on the basis of the classification of the section, as summarised in Table 5, where Nfi,t,Rd and
Mfi,t,Rd are the axial and bending design cross-section resistances in fire at time t, respectively, A
and Aeff are the gross and effective cross-sectional areas, Wpl is the plastic section modulus, Wel
is the elastic section modulus, Weff is the effective section modulus and γM,fi is the partial factor
for fire design. The calculation of cross-sectional resistances of stainless steel structural elements
in fire can be seen to be similar to their determination at room temperature except for the use of
the elevated temperature strength at 2% strain f2,θ for Class 1, 2 and 3 sections and the elevated
temperature 0.2% proof strength fp0.2,θ for Class 4 sections.
3.4. Assessment of EN 1993-1-2 provisions for the design of stainless steel plates in fire
The accuracy of the EN 1993-1-2 [3] provisions for the design of stainless steel internal and
outstand plates in fire is assessed in this subsection against results from nonlinear shell finite
element modelling considering different elevated temperature levels and room temperature non-
dimensional plate slendernesses λp. Assessment of the EN 1993-1-2 [3] compression and bending
resistance functions are shown in Fig. 8 and Fig. 9 for the case of hot-rolled stainless steel plates
in fire. Further comparisons are shown in Section 5. As can be seen from the figures, EN 1993-1-2
[3] provides a single plate buckling curve to predict the ultimate axial compression and bending
moment resistances of stainless steel plates at different elevated temperature levels; the ordinates
of the plateaus of the plate buckling curves vary due to the different ratios of f2,θ to fp0.2,θ (i.e.
f2,θ/ fp0.2,θ) at different temperature levels and the use of the plastic and elastic section moduli to
determine the bending moment resistances of stainless steel plates falling into the Class 1 and
2 and Class 3 categories, respectively. Since EN 1993-1-2 [3] utilises the elevated temperature
strength at 2% strain f2,θ for Class 1, 2 and 3 sections and the elevated temperature 0.2% proof
strength for Class 4 sections, there is an abrupt step in local capacity at the plateau slenderness
λp,0, which corresponds to the transition between Class 3 and Class 4 sections according to the
classification limits provided in Table 4. Fig. 8 shows that the plate buckling curve of EN 1993-
1-2 [3] yields inaccurate and rather conservative ultimate strength predictions for slender stainless
steel plates under axial compression at high temperatures, particularly for the duplex and ferritic
stainless steel grades. Moreover, the plateau lengths of the plate buckling curves λp,0 determined
on the basis of the Class 3 classification limits given in Table 4 lead to significant overpredictions
of the ultimate strengths of moderately slender austenitic stainless steel plates subjected to axial
compression, indicating that shorter plateau lengths λp,0 are necessary.
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4. New cross-section classification rules and effective width equations for stainless steel ele-
ments in fire
To enable accurate and safe ultimate strength predictions for stainless steel plates at elevated
temperatures, new cross-section classification rules and effective width equations are presented
in this section. In line with the effective width approach put forward in [13] for carbon steel
plates in fire, the elevated temperature material strength at 2% strain f2,θ is adopted as the sole
reference strength for the determination of the ultimate strengths of stainless steel plates at elevated
temperatures. A new system of cross-section classification is introduced whereby the four classes
defined at room temperature are replaced with two classes – (i) non-slender and (ii) slender – at
elevated temperature on the basis of whether or not f2,θ can be reached. This simplifies design
and is justified considering (i) a distinction between Class 1 and Class 2 sections, used to assess
the applicability of the plastic design at room temperature, is not necessary in the fire design of
steel structures and (ii) a much lower number cross-sections with practical proportions fall into the
traditional Class 1, 2 and 3 categories than at room temperature owing to the use of the elevated
temperature strength at 2% total strain f2,θ = k2,θ fy. Note that, despite the differences in the adopted
standardised material properties used to reflect hot-rolled and cold-formed stainless steel plates
(see Table 1 [30]), the resulting structural behaviour was sufficiently similar that it was deemed
that no distinction between the two is necessary for design purposes. This is in line with the current
plate buckling design treatment for both carbon steel and stainless steel in Eurocode 3. In Section
5, the accuracy and reliability of the proposed effective method are verified and compared against
the existing plate buckling assessment provisions set out in EN 1993-1-2 [3], taking into account
various elevated temperature levels, stainless steel grades and plate slendernesses.
4.1. Classification of stainless steel cross-sections in fire
A new classification approach for stainless steel cross-sections in fire is introduced in this sub-
section. In the new cross-section classification approach, the class of a cross-section is determined
on the basis of the classes of its constituent plates. A cross-section is classified as ‘non-slender’
only if all of its constituent plates are classified as ‘non-slender’. When one or more plates con-
stituting a cross-section are classified as ‘slender’, the cross-section is classified as ‘slender’. For
the classification of the individual stainless steel plates constituting a cross-section, the plateau
slendernesses λ̄p0,θ given in eq. (11) and eq. (15) are used for austenitic stainless steel internal
and outstand plates, while the plateu slendernesses λ̄p0,θ provided in eq. (13) and eq. (17) apply
for duplex and ferritic stainless steel internal and outstand plates, respectively. If the elevated
temperature slenderness λ̄p,θ of a plate determined using eq. (18) is less than the corresponding
plateau slenderness λ̄p0,θ, the plate is classified as ‘non-slender’, while if the plate slenderness λ̄p,θ
is greater than the plateau slenderness λ̄p0,θ, the plate is classified as ‘slender’.
4.2. New effective width method for stainless steel plates in fire
To retain consistency between the room temperature and fire design of stainless steel cross-
sections, the new effective width formulae proposed in this study follow a similar format to the
existing effective width formulae in EN 1993-1-4 [4], but using the elevated temperature plate
slenderness λ̄p,θ in lieu of room temperature plate buckling slenderness λp to reflect the different
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variations in strength and stiffness of stainless steel at elevated temperatures. The use of elevated
temperature slenderness for local buckling is also consistent with the approach for member buck-
ling.
For internal compression elements, the proposed reduction factors for the local buckling ρ of
austenitic stainless steel plates are as follows:



















For duplex and ferritic stainless steel internal plates, the proposed local buckling reduction factors
ρ are:



















For outstand flanges, the proposed plate buckling reduction factors ρ for austenitic stainless
steel are:















For duplex and ferritic stainless steel outstand plates, it is proposed that ρ is calculated as follows:
















In eqs. (10), (12), (14) and (16), ψ is the ratio between the stresses at the edges of the plate as
described in EN 1993-1-5 [37], λp0,θ is the threshold plate slenderness below which ρ = 1.0 and










where fy is the room temperature 0.2% proof strength and σcr is the elastic critical buckling stress








in which kσ is the buckling coefficient determined for the corresponding stress distribution and
boundary conditions of the plate [37], ν is the Poisson’s ratio and b and t are the plate width and
thickness, respectively.
4.3. Cross-section resistance of stainless steel structural elements in fire
Table 6 and Fig. 10 show the calculation of cross-sectional resistances for cross-sections falling
into the non-slender and slender classes. As can be seen from the table and figure, in the determi-
nation of the axial force and bending moment resistances of stainless steel cross-sections falling
into the non-slender class, use of the full cross-section areas A and the plastic section moduli Wpl
is recommended, while use of the effective cross-section areas Aeff and the effective section mod-
uli Weff is recommended for slender sections. The effective section properties Aeff and Weff are
determined considering the effective widths of the plates constituting the cross-section determined
using eqs. (10), (12), (14) and (16) on the basis of the procedure set out in EN 1993-1-5 [37]. It is
worth noting that in line with the proposals made herein, the adoption of two section classes using
the full and effective cross-section properties was also recommended in [13].
It should be noted that unlike the provisions of the current version of EN 1993-1-2 [3], the
proposed cross-section design approach and effective width method utilise the elevated tempera-
ture strength and stiffness in the definition of slenderness, which introduces an additional level of
complexity. However, consideration of the differential rates of erosion of strength and stiffness in
fire leads to more accurate predictions of cross-section capacities, as shown in Section 5. More-
over, this additional complexity can be conservatively avoided by using the maximum values of
ξθ =
√
k2,θ/kE,θ for austenitic, duplex and ferritic stainless steel, as given by the expression below,











≈ 1.10 for ferritic stainless steel. (20)
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5. Comparison between EN 1993-1-2 and new effective width method
The accuracy and reliability of the new effective width method for the ultimate strength pre-
dictions of stainless steel plates in fire are compared against those of the existing provisions of EN
1993-1-2 [3] in this section, using a large number of results obtained from finite element simula-
tions of stainless steel plates with different edge boundary conditions, elevated temperature levels,
stainless steel grades and plate slendernesses. Comparisons are also made against the test results
of Uppfelt et al. [39].
5.1. Accuracy assessment
The accuracy of the new effective width method for the prediction of the ultimate resistance of
stainless steel plates subjected to axial compression in fire is illustrated in Fig. 11 for hot-rolled
stainless steel plates and Fig. 12 for cold-formed stainless steel plates. As can be seen from the
figures, the proposed effective width method leads to accurate axial strength predictions for dif-
ferent elevated temperature levels owing to the consideration of the influence of the differential
variations in the strength and stiffness at elevated temperatures on the response through the use of
the non-dimensional elevated temperature plate buckling slenderness λp,θ in its formulations (see
eqs. (10)-(18)). Unlike the effective method of EN 1993-1-2 [3], the new effective method leads
to multiple plate buckling curves which results from the use of ξθ =
√
k2,θ/kE,θ in the expression
of the plate buckling reduction factors ρ in eqs. (10), (12), (14) and (16), thereby representing
the behaviour of stainless steel plates more accurately at different elevated temperature levels.
Resistance predictions obtained through the new effective method are compared against those de-
termined through nonlinear finite element modelling in Fig. 13 for hot-rolled stainless steel plates
subjected to bending in fire. As can be seen from the figure, although it is less accurate for the
prediction of bending moment capacities relative to axial compression resistances, the proposed
approach leads to an improved level of accuracy relative to EN 1993-1-2 for the estimations of the
ultimate resistances of stainless steel plates in bending.
The accuracy of the new effective width method and EN 1993-1-2 [3] is also compared in Fig.
14 for all stainless steel plates. The results presented in the figure are for internal and outstand
stainless steel plates subjected to both pure axial compression and combined bending and axial
compression (with the ratios between the edge stresses ψ being equal to 0.5, 0 and -0.5 (i.e. ψ =
0.5, 0,−0.5) in the latter loading case), as well as internal plates under pure bending. In Fig. 14,
Nu,FE and Mu,FE are the ultimate axial force and bending moment resistances of the stainless steel
plates determined using the finite element models, Nu,prop and Mu,prop are the ultimate axial force
and bending moment resistances determined using the proposed effective width method and Nu,EC3
and Mu,EC3 are the ultimate axial force and bending moment resistances predicted using EN 1993-
1-2 [3]. As can be seen from Fig. 14, the new effective width method leads to considerably more
accurate ultimate strength predictions with a much lower level of scatter for all the internal and
outstand plates of different stainless steel grades and with different elevated temperature levels,
loading conditions and plate slendernesses λp,θ.
The accuracy of the new effective width method and EN 1993-1-2[3] is also assessed in Ta-
ble 7 and Table 8 by taking into account the mean and the coefficient of variation (COV) of the
ratios of the ultimate strength predictions obtained from nonlinear finite element modelling to
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those determined through the new effective width method and EN 1993-1-2. As can be seen from
the tables, the mean values of the ratios between the ultimate resistances obtained through the fi-
nite element models and the proposed effective width method (i.e. Nu,FE/Nu,prop, Mu,FE/Mu,prop and
Nu,FE/Nu,prop + Mu,FE/Mu,prop) are closer to 1.0 relative to the corresponding mean values of the
ratios determined using the EN 1993-1-2 [3] strength predictions (i.e. Nu,FE/Nu,EC3, Mu,FE/Mu,EC3
and Nu,FE/Nu,EC3 + Mu,FE/Mu,EC3) with lower COV values, indicating that the proposed effective
width method is able to more accurately predict the ultimate resistances of stainless steel plates in
fire relative to EN 1993-1-2 [3].
5.2. Reliability assessment
The reliability of the new effective width method is assessed in Table 9 considering the three
reliability criteria put forward by Kruppa [42] for the design of structural steel elements in fire.
According to Criterion 1 of [42], none of the strength predictions obtained using the considered
design approach should exceed the FE results by more than 15%, while Criterion 2 of [42] states
that less than 20% of the design predictions should be on the unsafe side. Finally, Criterion 3 of
[42] states that the design predictions should be safe-sided on average. In Table 9, the percentage
of the plates for which the overpredictions of resistance exceeded 15% of those obtained from
the finite element (FE) models is shown under Criterion 1, the percentage of the plates whose
ultimate strengths were overpredicted is shown under Criterion 2 and the average percentage of
the differences between the design and FE ultimate strengths is shown under Criterion 3. The
violated criteria are highlighted with ’*’. As shown in Table 9, the new proposal satisfies all three
criteria of Kruppa [42] with the exception of Criterion 2 for the ferritic stainless steel plates in
bending, but this is deemed to be acceptable since the reliability criterion is only violated by a
very small margin (1.92%) for only one case. The reliability of the existing design provisions
of EN 1993-1-2 [3] is also assessed considering the three reliability criteria of Kruppa [42] in
Table 10. As can be seen from the table, EN 1993-1-2 [3] violates the reliability criteria of Kruppa
[42] for a high number of cases, indicating that the proposed design method provides significantly
more reliable ultimate strength predictions for stainless steel plates in fire.
6. Alternative effective width method based on elevated temperature 0.2% proof strength
fp0.2,θ
To maintain consistency in the determination of ultimate resistances of stainless steel members
with non-slender and slender cross-sections, the elevated temperature material strength at 2% total
strain f2,θ is adopted in the development of the new effective width formulations and in the cross-
sectional resistance functions described in Section 4 of this paper. Note that such an approach is in
accordance with the upcoming version of EN 1993-1-2 [3] where the elevated temperature material
strength at 2% total strain f2,θ is due to be utilised in the determination of ultimate strengths of
carbon steel structural elements in fire regardless of the classes of their cross-sections on the basis
of the recent proposals of [13, 43]. In this section, an alternative effective width approach adopting
the elevated temperature strength at 0.2% proof strain fp0.2,θ is presented considering that room
temperature design rules in EN 1993-1-4 [4] are primarily based upon 0.2% proof strength fp0.2.
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6.1. Cross-section classification
In the alternative cross-section classification method based on the elevated temperature 0.2%
proof strength fp0.2,θ, cross-sections are again classified as non-slender and slender, similar to the
cross-section classification method based on f2,θ introduced in Subsection 4.1. However, it was ob-
served that use of the elevated temperature 0.2% proof strength fp0.2,θ leads to overly-conservative
ultimate cross-section strength predictions for stocky stainless steel cross-sections in fire. Thus,
to accurately predict the cross-section resistances of stocky sections, an additional criteria is in-
troduced herein for the alternative effective width method. According to this additional criteria, if
the elevated temperature plate slendernesses of all the constituent plates of a cross-section are less
than a secondary threshold slenderness value which is denoted by λ̄p0,θ,s, the elevated temperature
strength at 2% total strain f2,θ is used to determine its cross-section resistance. The secondary
threshold plate slenderness λ̄p0,θ,s adopted for the use of the elevated temperature material strength






where λ̄∗p0,θ is the threshold plate slendernesses of the new effective width method presented in
Section 4 based on f2,θ, determined from eq. (11) for austenitic stainless steel internal elements,
eq. (13) for duplex and ferritic stainless steel internal elements, eq. (15) for austenitic stainless
steel outstand flanges and eq. (17) for duplex and ferritic stainless steel outstand flanges.
6.2. Alternative effective width method
The alternative effective width formulae based on fp0.2,θ follow the same format of the new
effective width formulae based on f2,θ presented in Section 4, but the key parameters in the effective
formulae have recalibrated to account for the different reference strength using the results from
nonlinear finite element modelling. For internal compression elements, the reduction factor for
plate buckling for austenitic stainless steel plates is given by:










)1.7 for λ̄p,θ > λ̄p0,θ (22)








For duplex stainless steel internal plate elements in fire, the plate buckling reduction factor ρ is
determined as:




















and for ferritic stainless steel internal plate elements, ρ is calculated as:



















For outstand flanges, the local buckling reduction factor ρ can be calculated for austenitic
stainless steel plates as:















For duplex stainless steel outstand flange plates, ρ is calculated as:















and for ferritic stainless steel outstand flange plates, ρ is determined as:



























In Table 11 and Fig. 15, the calculation of the cross-section resistances for different classes
is illustrated, where the ‘non-slender-1’ refers to stocky cross-sections whose constituent plates
all have elevated temperature plate slenderness values λp,θ less than λ̄p0,θ,s. The ‘non-slender-2’
category represents cross-sections where the non-dimensional plate slenderness of one or more
than one constituent plates is greater than λ̄p0,θ,s but the non-dimensional plate slenderness of all
the constituent plates is less than λ̄p0,θ. Finally, the ‘slender’ class represents cross-sections where
at least one of the constituent plates have plate slenderness values greater than λ̄p0,θ. As shown in
Table 11 and Fig. 15, for ‘non-slender-1’ sections, the elevated temperature strength at 2% strain is
used in conjunction with the full cross-section properties in the determination of the cross-section
resistances, while for ‘non-slender-2’ and ‘slender’ sections, the elevated temperature 0.2% proof
strength is employed in the determination of the cross-section resistances with full and effective
cross-section properties, respectively.
In line with the approach introduced in Section 4.3, the effective width formulations and cross-
section classification approach introduced in Section 6.1 and Section 6.2 can be made independent
of temperature by conservatively using the maximum value of ξθ =
√
kp,0.2,θ/kE,θ for austenitic, du-
plex and ferritic stainless steel, as given by the expression below, in the effective width expressions






6.4. Accuracy of the alternative design method based on fp0.2,θ
The alternative effective width method based on the elevated temperature 0.2% proof strength
fp0.2,θ leads to accurate ultimate strength predictions for stainless steel internal and outstand plates
subjected to pure compression as shown in Fig. 16 for hot-rolled stainless steel plates and Fig. 17
for cold-formed stainless steel plates. For stocky plates with λp,θ smaller than λ̄p0,θ,s, there is an
abrupt step in local capacity due to the adoption of the elevated temperature material strength at
2% strain f2,θ in the determination of the ultimate strengths of these plates. The use of the elevated
temperature 0.2% proof strength fp0.2,θ results in the classification of a higher number of cross-
sections as ‘non-slender’ relative to classification on the basis of the elevated temperature material
strength at 2% total strain f2,θ. Thus, the alternative design approach based on fp0.2,θ leads to a
practical way of estimating the ultimate strengths of a higher number stainless steel cross-sections
without the need to calculate their effective cross-section properties. However, since (i) the use of
the two different reference strengths, fp0.2,θ and f2,θ, in the determination of the cross-section resis-
tances with two different cross-section plate slenderness limits (λ̄p0,θ,s, λ̄p0,θ) adds complexity and
(ii) the determination of the effective width properties of stainless steel cross-sections can be read-
ily automated within design software, the use of the new effective width method and cross-section
classification rules based on the elevated temperature strength at 2% total strain f2,θ introduced in
Section 4 is recommended herein. Both the new and alternative effective width methods adopting
f2,θ and fp0.2,θ are presented in this paper since each have relative merits.
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7. Conclusions
The current provisions of the European structural steel fire design standard EN 1993-1-2 [3]
directs the designer to EN 1993-1-4 [4] for the local buckling assessment of stainless steel plates
in fire. However, since the plate buckling design rules of EN 1993-1-4 [4] were originally devel-
oped considering the room temperature response of stainless steel plates, they lead to inaccurate
predictions of ultimate strength in fire due to (i) failure to reflect the material stress-strain re-
sponse of stainless steel in fire and (ii) the neglect of the different rates of strength and stiffness
erosion of stainless steel at elevated temperatures. To enable accurate predictions of the response
of stainless steel plates at elevated temperatures, a new effective width method is proposed in
this study. Unlike the current provisions of EN 1993-1-2 [3], in the new effective width method,
temperature-dependent plate slenderness λ̄p,θ is employed in conjunction with new plate buckling
curves to determine the effective widths of stainless steel plates in fire. It was shown that the new
effective width method leads to more accurate and reliable ultimate strength predictions relative
to the current design rules of EN 1993-1-2 [3] as assessed against results obtained from nonlinear
finite element modelling of stainless steel plates of different grades for a range of elevated tem-
perature levels, loading conditions, boundary conditions and local slendernesses. In conjunction
with the new effective width method, new cross-section classification rules were also introduced
for stainless steel cross-sections in fire, adopting two distinct classes, referred to as ‘non-slender’
and ‘slender’, whose ultimate cross-section resistances are determined using the full and effective
cross-section properties, respectively. The proposed method for the treatment of local buckling of
stainless steel plates in fire based on the elevated temperature strength at 2% strain f2,θ described
in Section 4 of the current paper is due to be incorporated into the upcoming version of Eurocode
3: Part 1.2.
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8. Figures
Figure 1: Two-stage elevated temperature Ramberg-Osgood material model [25–27] adopted in FE models
(a) Internal element (b) Outstand flange
Figure 2: Boundary conditions applied to the FE models of stainless steel internal elements and outstand flanges
20
Figure 3: Lowest eigenmodes for internal elements (left) and outstand flanges (right) used to apply geometrical
imperfections in subsequent nonlinear analyses
Figure 4: Typical failure modes of compressed internal elements (left) and outstand flanges (right) in fire
21
Figure 5: Definition of plate dimensions used in validation of numerical plate FE models against experiments per-
formed by Uppfeldt et al. [39] on stainless steel SHS in fire
Figure 6: Variation of
√
kE,θ/k2,θ for austenitic, duplex and ferritic stainless steel and carbon steel at different elevated
temperature levels
(a) Axial post-buckling stress distribution in a simply-supported plate (b) Effective width method
Figure 7: Axial post-buckling stress distribution in a simply-supported plate and effective width method
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(a) Internal elements in compression (Austenitic) (b) Outstand flanges in compression (Austenitic)
(c) Internal elements in compression (Duplex) (d) Outstand flanges in compression (Duplex)
(e) Internal elements in compression (Ferritic) (f) Outstand flanges in compression (Ferritic)
Figure 8: Assessment of EN 1993-1-2 [3] against FE results for the local buckling strength predictions of hot-rolled
stainless steel plates subjected to axial compression
23
(a) Internal elements in bending (Austenitic) (b) Internal elements in bending (Duplex)
(c) Internal elements in bending (Ferritic)
Figure 9: Assessment of EN 1993-1-2 [3] against FE results for the local buckling strength predictions of hot-rolled
stainless steel plates subjected to bending
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(a) Plates in compression (b) Plates in bending
(c) Plates under combined compression and bending
Figure 10: Cross-sectional resistances in new design method based on f2,θ
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(a) Internal elements in compression (Austenitic) (b) Outstand flanges in compression (Austenitic)
(c) Internal elements in compression (Duplex) (d) Outstand flanges in compression (Duplex)
(e) Internal elements in compression (Ferritic) (f) Outstand flanges in compression (Ferritic)
Figure 11: Assessment of new design method based on f2,θ against FE results for the local buckling strength predic-
tions of hot-rolled stainless steel plates
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(a) Internal elements in compression (Austenitic) (b) Outstand flanges in compression (Austenitic)
(c) Internal elements in compression (Duplex) (d) Outstand flanges in compression (Duplex)
(e) Internal elements in compression (Ferritic) (f) Outstand flanges in compression (Ferritic)
Figure 12: Assessment of new design method based on f2,θ against FE results for the local buckling strength predic-
tions of cold-formed stainless steel plates
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(a) Internal elements in bending (Austenitic) (b) Internal elements in bending (Duplex)
(c) Internal elements in bending (Ferritic)
Figure 13: Assessment of new design method based on f2,θ against FE results for the local buckling strength predic-
tions of hot-rolled stainless steel plates subjected to bending
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(a) Assessment of EN 1993-1-2 for stainless steel plates in compres-
sion
(b) Assessment of new proposal for stainless steel plates in compres-
sion
(c) Assessment of EN 1993-1-2 for stainless steel plates in bending (d) Assessment of new proposal for stainless steel plates in bending
(e) Assessment of EN 1993-1-2 for stainless steel plates under com-
bined axial compression and bending
(f) Assessment of new proposal for stainless steel plates under com-
bined axial compression and bending
Figure 14: Assessment of EN 1993-1-2 [3] and new proposal against FE results for all stainless steel plates
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(a) Plates in compression (b) Plates in bending
(c) Plates under combined compression and bending
Figure 15: Cross-sectional resistances in alternative design method based on fp0.2,θ
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(a) Internal elements in compression (Austenitic) (b) Outstand flanges in compression (Austenitic)
(c) Internal elements in compression (Duplex) (d) Outstand flanges in compression (Duplex)
(e) Internal elements in compression (Ferritic) (f) Outstand flanges in compression (Ferritic)
Figure 16: Assessment of alternative effective width method based on fp0.2,θ against FE results for the local buckling
strength predictions of hot-rolled stainless steel plates
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(a) Internal elements in compression (Austenitic) (b) Outstand flanges in compression (Austenitic)
(c) Internal elements in compression (Duplex) (d) Outstand flanges in compression (Duplex)
(e) Internal elements in compression (Ferritic) (f) Outstand flanges in compression (Ferritic)
Figure 17: Assessment of alternative effective width method based on fp0.2,θ against FE results for the local buckling
strength predictions of cold-formed stainless steel plates
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9. Tables
Table 1: Summary of room temperature material properties for austenitic, duplex and ferritic stainless steel grades
used in this study
Material properties used for hot-rolled plates
Material grade E fy fu εu nθ(= n)
(GPa) (MPa) (MPa)
Austenitic 200 280 580 0.50 9.1
Duplex 200 530 770 0.30 9.3
Ferritic 200 320 480 0.16 17.2
Material properties used for cold-formed plates
Material grade E fy fu εu nθ(= n)
(GPa) (MPa) (MPa)
Austenitic 200 460 700 0.20 7.1
Duplex 200 630 780 0.13 7.5
Ferritic 200 430 490 0.06 11.5
Table 2: Comparison of ultimate strengths of stainless steel plates obtained from physical experiments by [39] and
from FE analyses in this study
Section fy (20 ◦C) Temp. Nu,test Nu,FE Nu,FE/Nu,test
(MPa) (◦C) (kN) (kN)
SHS 200×200×5 360 609 176 169 0.96
SHS 200×200×5 360 685 144 145 1.01
SHS 200×200×5 360 764 118 115 0.98
SHS 150×150×3 405 676 51 57 1.11
SHS 150×150×3 405 720 42 48 1.16
SHS 150×150×3 405 588 63 62 0.99
Table 3: Comparison of ultimate bending moments of stainless steel beams obtained from physical experiments by
[40] and from FE analyses in this study
Cross-section fy (20 ◦C) Temp. Mu,test Mu,FE Mu,FE/Mu,test
(MPa) (◦C) (kNm) (kNm)
RHS-200×125×6 262 884 27.8 26.4 0.95
I-200×150×6 262 944 17.2 17.4 1.01
I-120×64 275 650 15.2 14.4 0.95
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Table 4: Width-to-thickness limits for plate classification at room temperature
Element Class 1 Class 2 Class 3
Internal element subjected to compression 33ε 35ε 37ε
Internal element subjected to bending 72ε 76ε 90ε
Outstand flanges subjected to compression 9ε 10ε 14ε
Table 5: Determination of cross-sectional resistances in EN 1992-1-2 [3]
Cross-section Design resistance Design resistance
classification in compression in bending
Class 1 and 2 Nfi,t,Rd = A f2,θ/γM,fi Mfi,t,Rd = Wpl f2,θ/γM,fi
Class 3 Nfi,t,Rd = A f2,θ/γM,fi Mfi,t,Rd = Wel f2,θ/γM,fi
Class 4 Nfi,t,Rd = Aeff fp0.2,θ/γM,fi Mfi,t,Rd = Weff fp0.2,θ/γM,fi
Table 6: Definition of cross-sectional resistances in new design method based on f2,θ
Cross-section Design resistance Design resistance
classification in compression in bending
Non-slender Nfi,t,Rd = A f2,θ/γM,fi Mfi,t,Rd = Wpl f2,θ/γM,fi
Slender Nfi,t,Rd = Aeff f2,θ/γM,fi Mfi,t,Rd = Weff f2,θ/γM,fi
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Table 7: Accuracy assessment of new design proposals
Plates in compression
Nu,FE/Nu,prop Austenitic Duplex Ferritic
Mean 1.100 1.146 1.101
COV 0.105 0.154 0.096
Plates in bending
Mu,FE/Mu,prop Austenitic Duplex Ferritic
Mean 1.182 1.183 1.198
COV 0.080 0.094 0.150
Plates in combined axial compression and bending
Nu,FE/Nu,prop + Mu,FE/Mu,prop Austenitic Duplex Ferritic
Mean 1.297 1.293 1.294
COV 0.095 0.085 0.120
Table 8: Accuracy assessment of EN 1993-1-2 [3]
Plates in compression
Nu,FE/Nu,EC3 Austenitic Duplex Ferritic
Mean 1.069 1.181 1.057
COV 0.162 0.173 0.155
Plates in bending
Mu,FE/Mu,EC3 Austenitic Duplex Ferritic
Mean 1.250 1.346 1.207
COV 0.205 0.216 0.196
Plates in combined axial compression and bending
Nu,FE/Nu,EC3 + Mu,FE/Mu,EC3 Austenitic Duplex Ferritic
Mean 1.315 1.412 1.297
COV 0.154 0.177 0.161
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Table 9: Reliability assessment of new design proposals
Plates in compression
Nu,FE/Nu,prop Austenitic Duplex Ferritic
Criterion 1 0.00 0.00 0.00
Criterion 2 11.49 8.91 15.38
Criterion 3 -8.25 -11.01 -8.43
Plates in bending
Mu,FE/Mu,prop Austenitic Duplex Ferritic
Criterion 1 0.00 0.00 1.92*
Criterion 2 5.77 9.62 20.00
Criterion 3 -14.80 -14.61 -14.47
Plates in combined axial compression and bending
Nu,FE/Nu,prop + Mu,FE/Mu,prop Austenitic Duplex Ferritic
Criterion 1 0.00 0.00 0.00
Criterion 2 0.52 0.00 0.93
Criterion 3 -29.66 -29.31 -29.25
Table 10: Reliability assessment of EN 1993-1-2 [3]
Plates in compression
Nu,FE/Nu,EC3 Austenitic Duplex Ferritic
Criterion 1 8.91* 1.72* 5.70*
Criterion 2 35.34* 12.93* 45.30*
Criterion 3 -3.98 -13.01 -3.32
Plates in bending
Mu,FE/Mu,EC3 Austenitic Duplex Ferritic
Criterion 1 13.46* 5.77* 5.77*
Criterion 2 25.00* 13.46 25.00*
Criterion 3 -15.75 -22.06 -13.89
Plates in combined axial compression and bending
Nu,FE/Nu,EC3 + Mu,FE/Mu,EC3 Austenitic Duplex Ferritic
Criterion 1 0.52* 0.00 0.51*
Criterion 2 9.90 3.08 6.67
Criterion 3 -31.54 -41.15 -29.15
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Table 11: Definition of cross-sectional resistances in alternative design method based on fp0.2,θ
Cross-section Design resistance Design resistance
classification in compression in bending
Non-slender-1 Nfi,t,Rd = A f2,θ/γM,fi Mfi,t,Rd = Wpl f2,θ/γM,fi
Non-slender-2 Nfi,t,Rd = A fp0.2,θ/γM,fi Mfi,t,Rd = Wpl fp0.2,θ/γM,fi
Slender Nfi,t,Rd = Aeff fp0.2,θ/γM,fi Mfi,t,Rd = Weff fp0.2,θ/γM,fi
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